Introduction
Ultrahigh strength steel is a new kind of structural materials [1] developed from constructional alloy steels, which with the tensile strength over 1500 MPa or yield strength over 1380 MPa. They are used chiefly in the aircraft landing gear and main girders, crankshaft and connecting rod of engine, and other structural components in highly stressed [2] . Benefited from composite reinforcement effect of various mechanisms like martensitic strengthening, grain refinement strengthening, compound dispersion strengthening and solid solution strengthening, ultrahigh strength steels are with excellent properties such as high strength, specific strength, yield ratio, adequate toughness and fracture toughness.
While, ultrahigh strength steel is a typical difficultto-cut material [3] : as the shear strength is very high, the cutting force will rise with tool violent vibration; due to low thermal conductivity, the cutting temperature is very high, resulting in the machining error by thermal deformation of the workpiece. Because of high strength, toughness, and low thermal conductivity, there are huge pressure, extremely high temperature and heat concentration at cutting area, which will aggravate the wear of rake face and flank face [4] , and the tool life is often very short [5] . In realistic machining process of ultrahigh strength steel, the machining efficiency is very low, with serious tool wear. High efficiency and high quality processing of ultrahigh strength steel is truly a significant conversation.
In actual turning process, there are many factors that affect the cutting efficiency and surface quality [6] [7] [8] , such as cutting tool material, cutting tool geometry, cutting parameter, cutting fluid, etc. While, the most influential factor that can be controlled are cutting parameters, which is also the simplest and economic. Reasonable selection of cutting parameters can effectively improve the production efficiency and quality, and reduce the cost.
42CrMo is a typical ultrahigh strength steel which is widely used as crankshaft and connecting rod of engine. In this paper, the influence of cutting parameters on cutting force and surface quality during dry turning process of ultrahigh strength steel 42CrMo was investigated. This study gave experimental support for process parameters optimization, comprehensive considering processing efficiency, tool wear and machined surface quality.
Experimental procedures
Cutting tests were carried out on a HAWK TC-150 lathe (Cincinnati, USA) without cutting fluid during the cutting processes. According to basic cutting experiment earlier and literature, the cutting tools selected were coated cemented carbide inserts DNMG150408GS (KYOCERA Corporation, Japan) with rake angle γo=10°, flank angle αo=0°, tool angle εr=55°. The workpiece material was ultrahigh strength steel 42CrMo which was used as transmission shaft in actual production, with length 160 mm and diameter 100 mm. Main composition and mechanical properties of 42CrMo were shown in Table 1 and Table 2 .
In this study, the cutting force and surface roughness were considered as the test indexes, and cutting speed, feed rate and cutting depth were the primary factors. Orthogonal design and analysis were used, and the table of L16 (4 3 ) was adopted. The range of cutting parameters was selected based on preliminary tests as well as the literature data, in which the tool life and machined surface roughness were both acceptable, shown in Table 3 .Three-dimensional cutting forces were obtained by 9257B piezoelectric quartz dynamometer (Kistler, Swiss), and cutting force was calcu-
. Surface roughness Ra was measured four times in different axis position and averaged, with a roughness tester SRT-6200 (Landtek, China). Wear of the tool was measured using a confocal laser scanning microscope VK-100 (KEYENCE, Japan). 
Results and discussion
According to selected ranges of cutting parameters and the table of L16 (4 3 ), each experiment was carried out, and the cutting forces and surface roughness were measured and calculated. The results were denoted in Table 4 .
Cutting force and surface roughness Ra
The range table of cutting force F and surface roughness Ra were shown in Table 5 and 6, and the trend chart was shown in Fig. 1 . Three-dimensional cutting forces and the resultant force were basically decreased as the increase of cutting speed, and increased as the increase of feed rate and cutting depth. When cutting speed was over 160 m/min, the cutting force showed a slightly increase trend, that was mainly because that the cutting temperature was too high with high speed, which resulted in serious tool wear. The rapid wear of the tool then caused the cutting force increased. The exponential form considering cutting speed, feed rate and cutting depth was adopted for the modeling of cutting force and surface roughness. By the aid of data analysis software Minitab, the experiment results were fitted and the regression coefficients were calculated, then the multiple linear regression model was obtained. Within the selected range of experimental parameters, the empirical formula of the cutting force was: Commonly, the surface roughness Ra was decreased as the increase of cutting speed, and increased as the feed rate and cutting depth. When cutting speed was over 160 m/min, the rapid wear of the tool caused the cutting force increased, but the serious friction effect at the tool nose and the work-piece would decrease the surface roughness, that was the reason that the Ra was small at the speed of 200 m/min. When the cutting depth was over 0.80 mm, Ra decreased instead. That was maybe because of the high heat softening effect of the material under high cutting depth. The multivariate regression model of roughness was adopted similar as the method of cutting force, and the empirical formula was: 
Chip form
In the machining process of some kind of difficultto-cut materials with high hardness and low thermal physical properties, such as Titanium alloy, hardened steel and high strength steel, serrated chips often appeared. In this experiment, typical chip form was denoted in Fig. 2 . Within the selected range of machining parameters, all the chips were serrated. The cutting force fluctuation caused by the chip serrated might cause the vibration of the tool system, which caused the deterioration of the machined surface quality, and the tool wear speed up or damage.
Tool wear
According to the analysis above, comprehensive consideration of surface roughness, cutting efficiency and tool life, a better combination of parameters was as follows: cutting speed 120 m/min, feed rate 0.15 mm/rev, cutting depth 0.4 mm. Tool wear experiment was carried out based on this parameter, with cutting time 30 seconds for each step. Relationship between cutting force and time was shown in Fig.3 . It indicated that at the beginning of cutting process, the change of cutting force was not significant, due to the slight tool wear. When the cutting time was over 600 s, the changes of cutting force with time was more obvious, which meant that the tool wear was even more serious.
Morphology of the tool wear was observed by confocal laser scanning microscope VK-100, shown in Fig. 4 . Worn area of the tool at each cutting step was measured, shown in Fig. 5 . It indicated that the initial wear rate of the cutting tool was slightly decreased, but the tool wear became more and more serious with the increase of cutting time. During this cutting process, the normal wearing stage of the tool was not obvious, that was mainly because that the strength and toughness of the work piece was high, result in the high cutting force and temperature, so the wear of the tool was serious throughout. The cutting force and temperature were further increased after the early stage wear of the tool, which would accelerate the tool wear, causing the accelerated wear in the later periods. Besides, the tool life under this cutting condition was about 2000 s, which basically fulfilled the needs of the actual production. 
Conclusions
The effects of different turning parameters on cutting force, surface roughness, chip form and tool wear of ultrahigh strength steel were experimentally investigated, and the empirical formula of the cutting force and surface roughness Ra were obtained. The main conclusions can be summarized as follows:
1. Cutting forces and surface roughness Ra were decreased as the increase of cutting speed as the material softening and plastic flow caused by high cutting temperature.
2. Cutting forces and surface roughness Ra were increased as the increase of feed rate and cutting depth, that was because of high material removal rate and surface residual area.
3. Within selected range of machining parameters in the experiments, all the chips were serrated.
4. Because of high cutting force and temperature, the normal wearing stage of the tool was not obvious. S u m m a r y Ultrahigh strength steel was a structural material with extremely high tensile, shear and yield strength. While, it was difficult to machining due to the excellent mechanical properties. There was serious problem in high quality and high efficiency machining of ultrahigh strength steel in actual production. In this paper, the effect of different turning parameters on cutting force, surface roughness, chip form and tool wear during dry turning of a typical ultrahigh strength steel were experimentally investigated, and the cutting parameters were optimized, then the empirical formulas of the cutting force and surface roughness Ra were also obtained. Both the cutting forces and surface roughness Ra were decreased as the increase of cutting speed, and increased as the feed rate and cutting depth. Within the selected range of machining parameters in the experiments, all the chips were serrated. The normal wear stage of the tool was not obviously, and the tool life was about 2000 s, which fulfilled the needs of actual production. This study gave experimental support for the parameter optimization during dry machining of ultrahigh strength steel, comprehensive considering processing efficiency, tool wear and machined surface quality.
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